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ABSTRACT

In this project, the design of an all-digital phdseked loop
(ADPLL) was implemented for use in a clock syntkesifor low-
power applications. Digital implementations of ttraditional
analog PLL are becoming more popular due to thestopower
consumption, smaller area, and noise
implementations of APLLs are currently used forthfgequency
RF applications consuming well into the mW of poward
having an output frequency in the GHz range. Tluppsed PLL
uses a low frequency reference of 65kHz and cosvére
frequency to 650kHz using an integer-N (N=10) Plipach.
The design consumes less than 5uW of power in 45nmming all
circuits in the sub-threshold region and reducesldigking time
to a maximum of 8 clock cycles by using a ring-bbatr based
time-to-digital converter. The DCO has a LSB retoluof 692ps

and an output frequency range from 540kHz to 1.2MHz

Portability was also a concern, and with the exoepbf the
DCO, all other blocks can by synthesized.

1. INTRODUCTION

On a wireless sensor node, often the overhead dihgcdextra
crystal oscillators to supply multiple clock dormsis not feasible,
but components such as the digital, analog and IRFeguire
different clock frequencies. As the frequency o thrystal
increases, the power tends to increase expongnf{ll One
approach is to use a low-frequency crystal thailisady being
used on the chip and increase its frequency thrdbgluse of a
PLL. This higher frequency clock could be used ¢over analog
portions of the chip or even used as a secondctlask for serial
implementations of logic blocks that need to rurtiple times in
one period of the slow clock. Using an ADPLL is @mpact,
portable way to achieve this. Unlike a traditionahlog PLL, an
ADPLL assumes that all intermediate (control) sigraae digital,
but in many designs still contain analog components

As integration and portability have become moreartgmt with
CMOS process scaling, much emphasis has been placed
finding digital implementations of analog comporseit a PLL.
The use of many analog components such as capaciut
inductors with high Qs requires intensive layout areed to be
repeated every time the switch to a new technotmgpurs. It is
desirable to be able to have HDL descriptions bblalcks in the
system so that the circuit can be easily replicatedany
technology using standard library cells. Also, Isjng all digital
components, the immunity to supply noise and teatpes
variation is improved and it will result in a mommpact
implementation as the system can take advantagecaled
technology [9].

For wireless sensor networks, the power budgetstémdbe small
(uW range) and if the high frequency clock needshéoduty
cycled throughout the use of the chip, it's impottthat the lock

immunity. Many

time is fast to reduce power consumption during flegquency
acquisition phase. Many systems use a binary sedgchithm to
determine the locking frequency as in [10], bus ttén take time
depending on the number of delay stages in thaiitiemd the
reference frequency. To reduce this, an algorittaset on the
number of faster clock pulses between the two $gisaused to
make better guesses as to where the locking freguerill
eventually fall.

The major block to be optimized is the DCO as itdt to

consume 50-70% of the overall power budget [4]. Trhditional

oscillator in a PLL is a VCO controlled by an arglmput

voltage, but when going to a digital implementatitime control

voltage becomes digital. As DCOs are a relativey rconcept
(many papers not found until late 90s or early 2)0fany focus
on high performance RF applications and resort smgi LC

oscillators due to their low phase noise and highfggmance
compared to ring oscillators. Since LC oscillatars not portable
due to the layout of the inductor and capacitons, the proposed
design is not high-frequency, LC oscillators aréappropriate.

The paper is organized as followers: Section 2 rilees the
overall architecture for the system. Section 3 ghesugh each of
the blocks within the system and their design. iBect describes
the summary of the findings.

2. ADPLL ARCHITECTURE

Figure 1 shows the proposed ADPLL. It consists dfnze-to-
digital converter that replaces the phase-frequatetgctor and
charge pump from the analog implementation, a D@@trol
logic block, the DCO, and the divider. Many implertations of
proposed ADPLLs also have a digital loop filter dise the loop,
but they also tend to use blocks from traditionblL$ such as
charge pumps in conjunction with more digital bleckich as the
TDC as in [4] and [11]. For this design, a loopiilis not needed
since the output of the time-to-digital convertisimply a value
from a counter and only occurs once for every plhassugh the
loop. A filter in this context would not make senaed was
eliminated from the design. This also helps to saea and power
as most low-pass filter implementations requiretlgosircuits
such as multipliers and many registers for coeffitivalues.
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Figure 1. Proposed ADPLL Architecture



3. DESIGN COMPONENTS

3.1 Time-to-Digital Converter (TDC)
Before design for the TDC began,
investigated. The first, the Vernier delay techeigdetermines
the reduced delay between the two signals by takidifference
of the delays. For this approach, a large rangeh@full period)
would require a large amount of area and stagesbeo
accomplished. The second approach was an oscillzésed
approach that uses a fast oscillator to count tirebeer of pulses
that occur between the two signals. Using this aggr, a large
range can be achieved with compact area and thetigaton
error becomes scrambled across measurements. Tposed
approach is not often seen in ADPLLs since the \éerdelay
approach can be used for high-frequency applicafithut was
presented originally for PLL applications in [12].

Figure 2 shows the proposed TDC that uses a rinijaisr based

design that counts a certain number of pulses legtvike two

clock input signals. Since it is a 9-bit countet25clock pulses
are needed to cover the span of a 1-period ercprivalent to a

phase detector having a range aj.2The period of the required
fast clock needed to 24ns to achieve the desisuion.
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Figure 2. Time-to-digital converter schematic.

The expected results from the TDC circuit is thavill detect
which signal has a rising edge first (output of theder or the
reference signal) and then start the fast VCO @uattthat point.
When the rising edge of the second signal occines,counter
value is stored in a register bank and passede®t®O control
logic block. In the analog implementation, the P& charge
pump would indicate through up and down currentetiver or
not the reference signal was leading or laggingthia digital
implementation, there is a bit that indicates i tteference is
lagging and this helps determine whether or not dlgput
frequency of the DCO should increase or decreaspectively.
Example simulation results for the case in whick thference
frequency is leading are in Figure 3.
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Figure 3. Time-to-digital converter simulation results for
functionality.

The logic runs at 400mV and consumes jW3running at the
reference frequency of 65kHz.

3.2 DCO Control Logic Block

Most ADPLL logic blocks used to control the DCO wsbinary
search to determine the locking frequency as if.[Athough
this algorithm is O(lgn) and relatively fast, thesge still
improvements that can be made. Using the ringJasuil based
TDC, the number of pulses can indicate how differéme
reference and the division pulses are from eaclerott the
number is very small, then the initial guess ofwagt through the
frequency range of the DCO is correct, else theckefor the
correct frequency should not start in the centdnisTis the
strategy taken in the control logic block.

The coarse stage is used to determine which laeggon of the
frequency range to begin the fine tuning. The ougfuthe logic
block to the coarse stage is a one-hot 45 bit duffhe number of
outputs bits sounds high due to the low frequemegny delay
stages are needed to cover one full period ofrthaticlock. The
coarse stage breaks this up into 6 separate secWithin the
fine stage, the initial guess is in the centerhaf ¢hosen section
from the coarse stage. After this, the one-hogéis shifted either
to the left or the right depending on whether thénence is
leading or lagging. This leads to a maximum of &stto lock.
Once it has locked, there are outputs to cont®lbaders of the
delay cells in the DCO. If any delay cells are being used, they
are power gated to reduce the power consumptios.bfack was
used as a functional block completed in HDL witle #tmphasis
being an algorithm that can be used in conjunciiih the TDC
to reduce the number of cycles to lock.

3.3 Digitally Controlled Oscillator (DCO)

The DCO uses a ring-oscillator topology since LCsdaa
oscillators tend to be used for RF applications @utheir ability
to achieve high frequencies and low phase-noisso,Asince
portability is a focus of the ADPLL, using inductorand
completing the layout would take time and need d@orddone in
the event a new technology was used.

Most DCO circuits tend to have multiple tuning ssgwhere
each has delay cells of different delay time. Tigea will begin
by going through a coarse-delay stage that detesmwiat subset
of the overall tuning range of the DCO that it neéal lock to. It
then uses a finer stage to more finely tune treguency within
the subset of the overall frequency. This tendeltminate the



number of cycles it takes to lock by quickly deterimg which
“sets” of the tuning range do not need to be seafclkor this
design, a fine and coarse tuning stage are used.

Before the DCO was built, different delay cell tbpgies were
surveyed from the literature and simulated to aweitee their
delay to power performance. Four delay cells wereoantered
most frequently in ring-oscillators and are theeirier, the shunt
capacitor inverter, the hysteresis delay cell (HD&)d the current
starved inverted.

3.3.1.1 Delay Cdls
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Figure 4. Delay cell topologies surveyed.

Considering the fact that hysteresis delay celtsuire ratioed
logic that tends to not be reliable in the sub4hddd regime, they
were initially not a feasible choice. Current s&at can be made
extremely low-power, but require a current refeeeraircuit,
proper sizing, and an analog control voltage. Teemine which
delay cell to use, a sweep of the output frequeanay average
power consumed per period was found for each ofiglay cell
topologies in Figure 5.

It can be seen that the HDC can get very smallyde(aigh

frequencies), but at the penalty of a high powensoonption.

Since the application space | am looking at isldev-frequency,

low-power applications, the HDC was immediatelycdisnted.

Looking at the curve for the inverter, it can bersé¢hat it can
achieve very high frequencies for a small amourpafer. This
delay cell was used for the fine tuning stage. dligh the current
starved topology can achieve very high delays, eiénss to
consume more power and requires a current refertatevould

require an analog control voltage. The shunt capadnverter

was used for the coarse stage due to its relathigly delay and
low power consumption.
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Figure5. Delay cell power versusfrequency curvesat 1.1 V.

3.3.1.2 Implementation

The schematic in Figure 6 consists of the coaragesblock
followed by the fine stage block. The sets of traission gates
are used since the logic block for the DCO outputsne-hot
encoded set of control signals for each block anly bas one
transmission gate active at any time. A featureath the fine and
coarse stage blocks is that the unused delay aelpower gated
once the APLL is in lock. The logic block disabfestions of the
delay cell unless they need to be turned on talibrate.

Figure 6. Digitally Controlled Oscillator schematic.

The DCO was tested for a few sets of input bitsa{est, mid,
largest) to determine a linear operating range. fié-output
frequency is 650kHz and is linear for +150kHz. Thow
functionality of the block, the mid-range output shown in
Figure 7.
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Figure 7. Digitally Controlled Oscillator output frequency
when both fine and coar se tuning stages ar e tuned to the mid-
values.

Although it was difficult to find low-frequency @ub-threshold
DCOs in the literature, the following works were timost similar.
As can be seen, the presented DCO consumes theeasnt of
power, but for a smaller operating frequency. Hexé,of the

delay cells are active, but power consumption canfurther
reduced by power gating the unused delay cellsgutsia enable
signals on each block. Assuming the output frequefatls

around the middle range of the DCO, 50% of powette delay
cells should be saved.

Work Power Op. Freq Voltage
[1] 5.4uW 3.4MHz 1V
[2] 5.2uw 3.89MHz 1v
[3] 140uwW 200MHz 1V
[4] 110uw 200Mhz 0.8V
[5] 75.9uW 239MHz 1V
[6] 340uwW 450MHz 1.8V
This Work 935nW 650kHz 0.4V

Table1l. Compared worksfor the DCO.

4, SUMMARY

Presented was a fast-locking, sub-threshold ADPtdhitecture
used for low-power clock synthesis applicationsci=was put
into the design of the DCO as it tends to consumeapority of
the system power. Due to the fast clock within ffeC, it
consumed similar power consumption to the DCO. @t the
final simulation results are not presented herettiersystem, the
logic and architecture behind the ADPLL should bactional
and consume less than 5uW @ 650kHz with all blagerating
in the sub-threshold region at 400mV for a worstecgower
consumption (all blocks are on).
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